When one looks at the scientific problems of interest to society, those related to biology and medicine are of particular importance. From the point of view of physicists, the fact that biological materials possess different properties to inorganic materials complicates the problems. It is obvious that the number of biological and medical problems is very large. Here, we choose to consider a case where physics and medicine are intimately linked, namely the interaction between a laser beam and biological tissues. Such an interaction is used in various areas, such as surgery, dentistry, dermatology etc. Also, there is a mystery surrounding lasers such that most people are wary of their use. A fundamental knowledge of the mechanisms of laser-material interactions is necessary in order to correctly estimate the risks and benefits of the medical use of lasers.
Firstly, we briefly describe the commercially available types of lasers and their technical † E-mail address: michel.wautelet@umh.ac.be characteristics. Then, in order to understand the problems of laser treatment of biological tissues, the mechanisms occurring in laser-matter interactions are described, with the corresponding vocabulary. Finally, some effects are evaluated quantitatively.
Commercially available medical lasers
The medical lasers available commercially are listed in table 1. It is seen that wavelengths extending from the infrared (λ = 10.6 µm, CO 2 laser) to the visible and the ultraviolet (λ = 0.248 µm, excimer laser, KrF) are now available. They give either pulsed or continuous (CW: continuous wave) laser beams. They are also characterized by the power of the laser beam, P . In the case of CW lasers, P is simply the energy given per second, as usual. It is worth noting that, for pulsed lasers, P is the ratio of the energy to the time duration of the laser pulse.
Of interest also is the laser fluence, F . F is the energy per unit area. For practical reasons, F is expressed in J cm −2 (instead of J m −2 in SI units).
The laser-matter interaction
The physical processes involved in the interaction of a laser beam and a material are divided into three parts:
(1) absorption of some of the laser beam energy; (2) transformation of this energy into chemical energy and/or into heat, and diffusion of heat away from the irradiated zone; 
Absorption and reflection
When a laser beam hits the surface of any material, one part, R, of its energy is reflected, while the rest penetrates into the material and is absorbed and/or transmitted. It is the absorbed energy that determines the behaviour of the irradiated material. The value of R is given by the nature of the irradiated matter. It depends on the wavelength, λ, of the incoming light. For transparent media, given the refractive indexes of the incoming (n 0 ) and irradiated media (n 1 ), the reflectivity of the interface at normal incidence is given by the well known formula
In the visible range, for the interface between air (n 0 = 1) and water (n 1 = 1.33), one obtains R = 0.02. The refractive index of water, and hence R, doesn't change very much from the infrared (λ = 1 µm, n 1 = 1.3245, R = 0.019) to the ultraviolet region (λ = 0.2 µm, n 1 = 1.4257, R = 0.031). The skin's spectral reflectance varies with pigmentation and is significant only in the visible and near-infrared spectrum. The skin's reflectance at wavelengths of less than 310 nm and above 2.5 µm is less than 5% [1] . In medical applications, only the absorbed light is useful. The light is absorbed either by water in the tissue or by some other absorber, called a chromophore.
The chromophore is generally either haemoglobin or melanin. When a light beam of intensity I 0 hits a medium of thickness d, the intensity I at the output of the medium is given by
where α is the absorption coefficient and α −1 is the absorption length. Characteristic values of the absorption length of water and chromophores, for various lasers, are given in table 2.
The absorption length is a measure of the thickness where the light energy is transferred to the irradiated medium. The smaller is the absorption length, the smaller the transformed zone. So, well localized treatments are possible when the absorption length is very short. In this case, the quantitative evaluation of the laser beam energy density necessary for a given treatment is easy. Indeed, knowing the sectional area of the laser beam at the tissue (hence the area of the irradiated zone), A L , and the absorption length, 
Then, if E is the energy per unit volume required for a given transformation, the required laser beam energy is
The laser fluence is therefore
Diffusion of heat
The previous reasoning is valid provided the energy dissipates not too far from this irradiated zone. In general, light absorption takes place via electronic excitation. The excited electrons are unstable. They decay by giving their energy to the lattice. This results in the heating of the irradiated material. The transformation from light to thermal energy is very rapid (10 −13 -10 −12 s). Hence the laser-heated zone corresponds exactly with the irradiated one. Now, the heat diffuses in the material at a rate determined by the nature of the irradiated material. When heat diffusion is the major mechanism, the characteristic heat diffusion length, L D , is given by [2] 
where D is the heat diffusivity (in cm 2 s −1 ) and t is the diffusion time.
For thermal insulating materials (like water and most biological materials), D is in the region of 10 −3 cm 2 s −1 . From the previous equation, it is possible to determine whether the energy is mainly used in the irradiated zone or whether it diffuses away from the diffusion zone. It is obvious that for localized treatment, L D has to be shorter than the absorption length, α −1 . Taking the above value, for a characteristic width of treatment, L tr , of 10 µm, one calculates easily that the irradiation time, t irr , is such that
Thermal effects
When the light energy is absorbed, various effects take place, depending on the wavelength, the laser fluence and the nature of the irradiated material. They are summarized in figure 1 . The most used effect is thermal heating of the irradiated material. In this case, when heat diffusion is negligible, the absorbed energy is the sum of the thermal energy necessary to heat the irradiated volume to the transformation temperature plus the latent heat of transformation. We will come back to this in the applications.
Electromechanical effects
When the laser fluence is very high, the electric field may attain the order of magnitude of the electric field present within the molecules. This electric field is in the range 10 7 to 10 12 V m −1 [2] . In this case breaking of chemical bonds and ionization take place, leading to the well known electric breakdown of the medium. This breakdown results in various effects. One of them is the creation of a shock wave. This is the origin of the sound emitted during air or gas breakdown. In biological (and other) materials, the plasma (ionized gas) expands rapidly, giving rise to an electroacoustic shock wave. This is able to destroy solid grains. The electric field ε associated with a laser beam of power P is given by the equation [ where r is the radius of the laser beam, µ 0 is the vacuum permeability and c is the velocity of light. This equation may also be expressed as a function of the power density, P:
From this equation, one calculates that ε = 10 8 V m −1 is obtained for P = 5 × 10 9 W cm −2 . Such a power density is obtained by pulsed laser beams, of duration in the 10 ns range or below [4] . It is worth noting that, in this case, the heat diffusion length is very short, as calculated from previous equations.
Moreover, the plasma might absorb the incoming laser beam, hence diminishing the treated volume. This is used in ophthalmology, when one destroys some opaque elements of the vitreous humor without damaging the retina.
Photoablation and photochemistry
Since visible and ultraviolet laser beams are absorbed by electronic excitation, one could use this property to break chemical bonds without heating the material: this is photoablation. The minimum condition for breaking a chemical bond by electronic excitation is that the photon energy, hν, is equal to or larger than the bond energy. Typical bond energies encountered in biological materials are listed in table 3 [5] . This corresponds to ultraviolet light. So, except when some special chromophores are added, photoablation is performed by lasers emitting ultraviolet light, i.e. excimer lasers. Together with bond breaking, there always remains some part of the light energy in the form of thermal energy. This is sufficient to allow the rapid detachment of the molecules into the gas phase, giving rise to the ablation of the material. Another advantage of such lasers is that they emit very short pulses (around 10 −8 s), so that heat doesn't diffuse away from the irradiated Phys. Educ. 34(3) May 1999 zone. So, photoablation is well localized to the irradiated regions.
The principles of photochemical effects are similar to photoablation. The main difference rests in the fact that electronic excitation leads to electronic excited states, whose chemical reactivity is different from that of non-excited states. The mechanisms of photochemistry are generally complex, and simple calculations are out of reach. So, they will not be treated here.
Some applications
There are numerous applications of medical lasers. Some have been described previously. Some cases are considered in the following in order to show how to calculate effects relevant to current medical uses.
Surgery
In microsurgery with lasers, the laser beam is sent to the tissue to be cut. Light is absorbed and heats the matter (like water) to boiling point. The water evaporates continuously and the process continues on the new matter. This can be done with a CO 2 laser. As seen from table 2, the absorption length of the laser light is very short (around 10 µm). On the border of the cut zone, the temperature is low, leading to good coagulation and hence limiting blood expansion.
Let us calculate the cut depth, d cut . Let us take a CO 2 laser beam, of power P and diameter d, scanned at a velocity v. Let E c and E V be the energy for heating to the boiling point and the latent energy for evaporation, per unit volume, respectively.
where ρ is the density (here 10 3 kg m −3 for water), C is the specific heat (4.2 × 10 3 J kg
and T is the difference between the boiling point and body temperature (i.e. 100 − 37 = 63 K).
where L V is the latent heat for evaporation (2.3 × 10 6 J kg −1 ). The evaporated volume per unit time is then
This volume is equal to
Hence,
.
Given a laser beam with P = 60 W, d = 0.4 mm and v = 2 cm s −1 , one calculates d cut = 3 mm. This is an overestimate of d cut since: (1) one part of P is reflected by the surface of the tissue; (2) some of the energy is dissipated in the medium; (3) some of the beam is absorbed or diffused by the evaporating material; (4) the biological tissue contains materials other than pure water. Nevertheless, this simple calculation allows us to calculate the order of magnitude of the effects of the laser beam, and shows that medical lasers are helpful for microsurgery.
Thermal treatments
The same reasoning may be applied to various cases where the thermal effect of the laser is important. This is the case for the removal of benign tumors (larynx, stomach, etc), angioplasty, photocoagulation of various lesions, dermatology (pigmented regions), etc.
Dentistry
Another important field of research concerns dentistry. The ease of use and the precision of laser beams allows delicate surgical operations in the mouth. The treatment to prevent caries consists in the surface vitrification of the enamel by a laser pulse. After being melted, the irradiated zone resolidifies without presenting microholes, which promote the infections responsible for the caries. For this, one uses generally CO 2 lasers. The main problem in the use of such lasers in dentistry is the cost.
One important advantage of the laser is that it presents no risk if the dentist accidentally deviates the laser beam away from the tooth. Indeed, in this case, the laser beam irradiates soft tissues, made mainly of water. The tissue is then ablated, as discussed previously.
Let us assume that the dentist uses a laser of power P = 5 W and radius r = 0.2 mm, and that the accidental irradiation of soft tissues lasts for t = 0.5 s. Then, the depth of the tissue ablation, d cut , is calculated similarly to the previous case. One obtains
One calculates that, under the above conditions, d cut = 0.7 mm.
Excimer laser ablation of the cornea
One interesting application of excimer lasers is the controlled ablation of the cornea. It relies on the mechanism of photoablation [6] . The ultraviolet beam causes the photobreaking of covalent bonds. These evaporate rapidly. Given the facts that the absorption length of the ultraviolet beam is very short and that the laser beam is pulsed (around 10 −8 s), the treatment is well localized. Although the mechanism of photoablation is not fully understood, let us estimate some orders of magnitude.
Let us assume that each photon leads to the breaking of one chemical bond in the cornea. Let us take a KrF laser (λ = 0.248 µm, hν = 5 eV), with a fluence per pulse of F = 3 J cm This is in accordance with measurements on polymer ablation, where d cut 0.3-1 µm under similar conditions [7] .
Illustrations of the technique can be found on the Internet at http://www.mannberkeley.com/ how lasik works.htm.
Conclusions
From the previous calculations, it is obvious that the medical applications of lasers may be introduced to students. The applications rely on simple physical principles. Because of the growing importance of the medical applications of lasers, it is believed that such a reasoning and simple calculations need to be introduced in physics courses.
